Avian influenza is an infectious viral disease that affects various species of birds, including poultry (chicken, turkeys, ducks and geese). Vaccination is a key strategy in the prevention of epizootics and epidemics of influenza. Now, the actual problem is the development of rapid, safe and effective methods for the production of avian flu vaccines. The using of recombinant flu antigen is a promising approach for creating universal, safe and effective poultry flu vaccines. To increasing of low immunogenicity of recombinant antigens plant viruses and virus-like particles can be applied. We have previously shown that spherical particles (SPs) with unique adsorption property and immunostimulating activity. Here we design the candidate vaccine against the avian flu virus (H5N1). The complexes containing the antigenic determinants of the avian flu virus -hemagglutinin (HA) and the extracellular domain of the M2 matrix protein (M2e) presented on the surface of SPs were developed. By indirect immunofluorescence microscopy the specific antigenic activity of recombinant proteins adsorbed on the SPs surface were demonstrated. The SPs-HA-M2e (SPs-HA62/284-М2е) complexes were highly immunogenic. The candidate vaccine induced a strong humoral immune response to both antigenic determinants of avian flu A virus. HA and M2e adsorption on the SPs allowed a 10-fold increase in the production of blood antibodies to antigens in immunized animals. The advantage of this approach for the vaccine development is high efficiency based on the stability and adjuvant activity of SPs, safety and low cost of using plant viruses. Obtaining veterinary vaccines based on structurally modified plant viruses allows the creation of marker veterinary vaccines. Development and creation of marker vaccines is extremely important for the recovery of the poultry population in agro-industrial complexes. The proposed vaccine can be considered as a candidate recombinant vaccine against avian influenza virus.
Flu is one of the most contagious and rapidly spreading infectious diseases [1] . Its causatives are RNA-containing viruses of the family Orthomyxoviridae. Despite the fact that wild birds are a natural reservoir of the flu A virus, these viruses can also infect poultry and several species of mammals, including humans. Epizootic outbreaks, etiologically associated with the flu A virus, cause significant damage to agriculture. At the moment, combatting avian flu involves the introduction of quarantines, as well as the slaughter of infected and contact individuals, which leads to significant economic losses. The greatest danger to humans carried the H5N1 strain of all the flu viruses circulating among birds. Its hazard is due to the high incidence of human infection after the contact with infected birds and the highest rate of deaths [2] .
Vaccination is considered to be the most effective way of preventing epidemics and panzootics of flu. In order to obtain modern licensed vaccines against flu viruses, researchers use chicken embryos. Production of such vaccines for each strain takes up to 6-9 months, which in the case of the emergence of a new pandemic strain can have unpredictable consequences. Moreover, the use of traditional methods is limited by the high virulence of the H5N1 strain for chicks and chicken embryos, and a potential hazard to humans.
Constructing recombinant proteins is an alternative approach to the creation of universal, safe and efficient vaccines against the avian flu virus [3] . However, a number of studies reported that the viral proteins that are the most promising for inclusion in the vaccine (the surface protein haemagglutinin HA, which serves as the main target for neutralizing antibodies, and the conservative matrix protein M2) have low immunogenicity and cannot stimulate an effective immune response [4] [5] [6] [7] . One of the solutions to the problem is using plant viruses [8] [9] [10] and virus-like particles to present the determinants of protective antigens and enhance the immune response [11] [12] [13] [14] [15] .
Earlier, we showed that structural rearrangement of tobacco mosaic virus (TMV) protein after heating spiral virion to 94 C led to formation of spherical particles (SPs) of a controlled size. Such SP are biodegradable, they do not contain RNA and have high stability. In addition, SP are safe for humans, since plants and animals do not share common pathogens [16] [17] [18] [19] . At the same time, SP are effective immunostimulants [11] .
In this work, unique SPs having no analogues were used to create the veterinary candidate vaccine. For the first time, we obtained SP-HA62/284-M2e complexes, containing spherical particles, which were formed during thermal rearrangement of TMV, with recombinant antigens HA62/284 and M2e of the flu A viruses adsorbed, and demonstrated the antigenic specificity of the recombinant proteins. Such complexes appeared to be highly immunodominant: the immunization of laboratory animals shows the production of specific antibodies to both antigenic determinants of avian flu A virus.
The purpose of this study was to develop a new generation of recombinant candidate vaccines against the avian flu virus by assembling in vitro complexes that include immunogenic determinants of HA and M2 proteins of flu A virus on the surface of spherical particles based on the virion of the tobacco mosaic virus.
Techniques. The virions of TMV (strain U1) were isolated from the infected Nicotiana tabacum L. plants of Samsun variety, as it was formerly described [20] . The SPs was obtained from purified TVM preparation (5 mg/ml) at 94 C according to develoeped protocol [18] .
Recombinant protein that contains a fragment of the HA molecule of flu A virus (16 kDa) was constructed based on strain A/Kurgan/5/05. The corresponding complementary DNA fragment of the haemagglutinin gene was synthetized in reverse transcription PCR with primers H562-284-P (5-GCGGAT-CCGGAGTGAAGCCTCTAATTTTA-AGAGATT-3) and H562-284-M (5-CGTCTAGATTATTCACTTTTCATAATTA-TTGTTAGAGTCCCCT-3). The amplified fragment was cloned in pQE30 vector (Qiagen N. V., Germany) with BamHI and XbaI restriction sites. The recombinant HA62/284 protein was expressed in Escherichia coli M15 and purified according to the standard procedure [21] . Recombinant 26 kDa protein containing the M2e determinant (23 amino acid residues long) of the flu A virus protein M2, fused to the protein with dehydrofolate reductase, was expressed and purified as described [11] . SP-HA62/284-M2e complexes were prepared in vitro by incubation of HA62/284, M2e and SP proteins in a weight ratio of 5:5:100 at 25 C for 20 min.
Sample preparation for electron microscopy was as previously described [22] . The preparations were examined in an electron microscope JEM-1011 (JEOL, Japan) equipped with a digital camera ES500W Erlangshen (Gatan, Japan). The photomicrographs were analyzed in the ImageJ program (National Institutes of Health, USA).
The antigen specificity of the SP-HA62/284-M2e complex was studied with the use of immunofluorescent microscopy [23] . Rabbit antiserum to HA62/284 protein and mouse antiserum to flu virus M2e protein diluted 1:100 were the primary antibodies. The control samples lack the addition of primary antibodies. The binding of primary antibodies to the complexes was detected with secondary donkey anti-rabbit antibodies conjugated with Alexa Fluor ® 546 fluorophore (Invitrogen, USA) or secondary chicken anti-mouse antibodies conjugated with Alexa Fluor ® 488 fluorophore (Invitrogen, USA). The analysis was carried out with the use of Axiovert 200M fluorescence microscope (Carl Zeiss, Germany) equipped with an integrated ORCAII-ERG2 camera (Hamamatsu, Japan).
Immunogenicity of SP-HA62/284-M2e complexes was studied in female white lab mice aged 6-8 weeks with a body weight of 15-18 g divided into 4 groups of 5 animals each. Mice were intraperitoneally (i.p.) immunized with PBS (phosphate-buffered saline, negative control, group 1), free recombinant proteins HA62/284 and M2e (group 2), proteins mixed with Freund's adjuvant (group 3), and SP-HA62 complexes/284-M2e (group 4). The dose per injection was 5 μg HA62/284, 5 μg of M2e, and 100 μg of SP; the volume of the mixture injected was 0.2 ml per animal. A total of 3 immunizations were performed at a 2-week interval. Blood for analysis was taken 1 week after the last immunization.
The titer of the antisera pool was determined by indirect immunosorbent assay using a Multiscan FC (Thermo Scientific, USA), as described previously [12] . HA62/284 and M2e proteins were used as antigens at a concentration of 10 μg/ml. The titer of the antiserum was a dilution in which the optical density of the product of the enzymatic reaction was twice the corresponding value in the negative control (nonimmune mouse serum).
Results. In order to create a candidate vaccine from a purified TMV preparation by means of thermal denaturation at 94 C, spherical particles were obtained. Transmission electron microscopy was used to control their characteristics (Fig. 1) . The size of the obtained SPs was 612±41 nm. The site of the hemagglutinin molecule (amino acid residues 62-284) of strain A/Chicken/Kurgan/05/2005 (H5N1) of influenza A virus was chosen as the antigens that contains the main virus neutralizing epitopes, and the conserved N-terminal extracellular domain of the M2 matrix protein (23 amino acid residues long peptide M2e). Hemagglutinin is one of the two major surface proteins of the flu virus. This protein is responsible for the binding the virion to the cell receptors and the fusion of the viral envelope with the cell membrane. HA is the main surface antigen of the flu virus and serves as the main target for neutralizing antibodies. The research showed that the region of the molecule which includs the amino acid residues form 62 to 284 contains most of the neutralizing determinants, as well as the structural elements necessary for efficient folding the recombinant protein [24] . The membrane protein M2 forms ion channels in the virion lipoprotein membrane. An extracellular domain of M2 (M2e), the 22 amino acid residues long fragment of this protein, is exposed on the outer surface of the viral particle. The M2e peptide is evolutionarily conservative and almost identical for all flu viruses circulating in animal populations, including the pandemic viruses. Hence, M2e peptide can be considered as a promising determinant for the development of a universal vaccine against flu [25] .
In in vitro obtained SP-HA62/284-M2e complexes containing SPs along with the recombinant flu virus antigens HA62/284 and M2e, proteins on the SP surface retained the ability to bind with the specific antibodies to recombinant proteins, as confirmed by indirect immunofluorescence microscopy with two different fluorophores. Fluorescence on the SP surface indicated that both antigens (HA62/284 and M2e) were adsorbed on the same spherical particles and retained antigenic activity in the SP-HA62/284-M2e complexes formed (Fig.  2, A, B) . Comparison of the obtained images in the fluorescence (see Fig. 2, A, B) and phase contrast (see Fig. 2, B ) modes showed that all the SPs are associated with the molecules of the target protein, while aggregates of antigenic complexes not associated with the SPs, are absent. Therefore, the SPs free of antigen, was not found in the studied preparation. In a negative control, when recombinant proteins or primary antibodies were not used, fluorescence was not observed (data not shown). It indicates the absence of a nonspecific interaction of anti-species antibodies conjugated with the fluorophore with the SP surface. Thus, it has been shown that the adsorption of HA and M2e proteins on the SP surface does not prevent their binding with specific antibodies to recombinant influenza A viruses.
In assessing the ability of SP complexes with HA and M2e proteins of avian flu A to stimulate a specific immune response, laboratory mice were immunized with free HA62/284 and M2e proteins or with the SP-HA62/284-M2e complex. In the sera of mice immunized with the SP-HA62/284-M2e complex, a significant increase in antibody titer to viral antigens was observed compared to that of free antigens (in case of the SP absence). Thus, when using SPs on the surface of which M2e and HA62/284 proteins were simultaneously adsorbed, the titers were 2.0½10 5 for antibodies to M2e protein (Fig. 3 , A) and 2.4½10 5 for antibodies to HA62/284 protein (see Fig. 3, B ). In the absence of the SPs, in mice immunized with HA62/284 and M2e, the antiserum titer was less than 4.0½10 4 . Antiserum titers obtained by immunizing mice with a mixture of HA62/284 and M2e proteins using Freund's adjuvant, one of the strongest immune response stimulants used only in laboratory practice, were 3.0½10 5 and 3.6½10 5 , respectively (see Fig. 3, A, B) . Thus, the adsorption of HA62/284 and M2e on the SP surface significantly enhanced the immunogenicity of recombinant proteins under intraperitoneal injections resulting in an almost 10-fold increase in the concentration of antibodies to HA62/284 and M2e proteins in the serum of immunized animals compared to that in immunization with free proteins, which is comparable in effectiveness to using Freund's adjuvant. It is important to note that the production of veterinary vaccines based on structurally modified plant viruses (SPs) allows the creation of domestic marker veterinary vaccines, i.e. spherical particles, on which a certain part of antibodies is produced during vaccination with the SP pathogen complex [26] , can act as a marker which will further distinguish vaccinated birds from carriers of the field virus.
So, the obtained complexes SP-HA62/284-M2e may serve as a basiс unit for creating a modern recombinant vaccine against avian flu virus. The advantage of this approach to development of vaccines is their high efficiency, based on the stability and adjuvant activity of spherical particles, as well as the safety and low cost of using plant viruses. The inclusion of the conservative peptide M2e in the developed vaccine preparation should provide protection from both seasonal and probable pandemic viruses. Moreover, it is a marker vaccine that makes it possible to distinguish between vaccinated and unvaccinated individuals that is important for the improvement of commercial poultry populations.
